Abstract: This paper focuses on the processing and study of 3D models obtained from images captured by an unmanned aerial vehicle (UAV). In particular, we wanted to study the accuracy gains achieved in the surveying and the measurement, such as height, area, and volume, of the dimensions of the buildings in the 3D models obtained with both nadir and oblique UAV flights. These latter types of flights are particularly suitable for the 3D modeling of cities or urban agglomerations, where it is important to achieve a complete building reconstruction, including façades and footprints of buildings. For this purpose, several UAV surveys with both nadir and oblique axes were performed. The nadir flight acquired images over an area of about 3.5 hectares containing 30 buildings, while the second flight, performed with both a nadir camera and an oblique camera, was conducted on a single building. The images from the flights were processed with Photoscan software by Agisoft and with Pix4D, studying their different potentialities and functionality. The results were compared with the data from the 1:2000 scale Geotopographic Database (DBGT), with the results of a Global Navigation Satellite System (GNSS) survey and with 3D model from the Terrestrial Laser Scanner (TLS) survey. The obtained results have shown that oblique UAV flights increase the achievable accuracy both in terms of the number of points in a point cloud, and in the in measurements taken on the 3D models, with respect to the limited cost, and at the increase in time for surveying and image processing.
Introduction
The growing interest in recent years in unmanned aerial vehicles (UAVs) by the scientific community, software developers, and geomatics professionals, has led these systems to be used more and more widely, in different fields of engineering and architecture [1] . This is thanks, above all, to their flexibility of use and low cost compared to traditional photogrammetric flights using expensive metric digital cameras or LiDAR sensors [2] . UAV systems were used first for military purposes [3] and later for civilian ones [4] , such as agricultural and forest management (precision farming, assessment of woodlots, fire surveillance, etc.) [5, 6] , archaeology and cultural heritage surveying (3D documentation and mapping) [7, 8] , for environmental surveying (land and water monitoring) [9, 10] , for traffic monitoring (surveillance, travel time estimation, etc.) [11] , and for 3D reconstruction [12] . Specifically, in recent years, UAVs have also been used in the field of monitoring and inspection of public buildings, or buildings that are remarkable in terms of size and architecture. This is mainly due to the focus on sustainability and resource efficiency in the building and infrastructure sector, which aims to extend their lifetimes. This type of monitoring and inspection has always required sophisticated and expensive methods to quickly and safely identify possible damage that could jeopardize the stability and safety of buildings and people. Through the use of remote checking using UAVs, the monitoring and inspection of buildings can be brought to a new level of quality and saving. There are several papers in the literature that relate to the use of UAVs [13] [14] [15] in this field, and several algorithms that have been implemented were developed for the automatic extraction of deformations or damage. Works that have investigated the use of UAVs, using both nadir and oblique images, have studied contributions in terms of accuracy and advantages in the study of buildings with such systems [16] . This work takes part in this research effort by exploring, in further depth, the contributions that UAV systems can provide to professionals in the study of existing buildings, in terms of dimensional knowledge, territorial planning, and the state of health of a building, for the purpose of maintenance and restoration.
This growing development is due, as said above, to the availability on the market of low-cost UAV systems equipped with nonprofessional or SLR (single lens reflex) cameras and GNSS/INS system (global navigation satellite system/inertial navigation system) for positioning the UAV system and its sensors [4] . The GNSS positioning system is mostly used in stand-alone mode and, together with the INS, assists and guides the UAV during flight.
In general, a UAV system survey requires flight planning, a ground control points (GCPs) survey in the reference system where the flight has to be georeferenced, image acquisition, calibration of the camera and, finally, image processing for the 3D models and photogrammetric product extraction. The photogrammetric products that can be obtained from image processing are DTM (digital terrain model) or DSM (digital surface model), orthophotos, and other graphical outputs.
UAV surveys are usually nadir, which means that the images are shot with the camera axis along the vertical direction; they provide both a forward overlap between shots and a side one between strips, allowing for the reconstruction of the surveyed territory or object in 3D. This type of survey is not appropriate for 3D modeling of towns or cities, where it is important to have a complete 3D modeling of each building, including the façades and footprints of buildings. In such cases, in order to improve the 3D model, the data from the nadir UAV survey can be completed with point clouds from a terrestrial laser scanner (TLS) or from a traditional land survey; this produces a 3D model which is both complete and more accurate [17, 18] . Of course, this integration requires longer times and higher costs for staff and equipment. In order to offset this, since [2008] [2009] , there have been experimentations in integrating nadir UAV images with oblique ones, that is, shot with the camera axis at an angle with respect to the vertical. The results up to date seem to show an effective improvement in the 3D city model reconstruction with a better inclusion of façades and footprints of the buildings [19] . However, it is mostly with the integration of computer vision algorithms in the software tools used for processing the UAV surveys that the use of oblique shots is becoming a standard technique [20] . As a matter of fact, in a 3D city model reconstruction, the dense point clouds produced by the oblique shots allow for entirely reconstructing the façades and footprints of the buildings, improving the representation of the DSM from the single nadir viewpoint to a more complete model that can be used to perform better and deeper kinds of analysis on the building, e.g., on the health status of the façades or structural elements [19] .
The research presented in this paper concerns a study of the potential of the use of images from both nadir and oblique UAV surveys for the measurement of the dimension of the buildings, such as heights, areas, and volumes, in order to set the parameters related to the production of urban and suburban planning. The knowledge of the area and volume of each building, in fact, has significant importance for urban planning and, yet, often there are no maps that are both up-to-date and at the right scale to determine them. In such cases, UAV systems can help with respect to both acquisition and processing times and of costs. In particular, this would be useful, for example, in updating digital mapping and/or DBGT (Geotopographic Database) at the small or medium scale [20] . The study also concerned the contribution that oblique images can give to the dimensional knowledge about the building and the 3D reconstruction of façades and footprints of buildings.
For this purpose, several UAV flights performed with nadir and oblique cameras have been examined. The first case study was a nadir flight covering an area of about 3.5 hectares, containing 30 buildings; the second was performed with both nadir and oblique cameras, and involved a single building. In the first case study, we studied the accuracy of a nadir flight for determining the volumetric parameters of a built area. The results were compared with information from the 1:2000 scale DBGT 2k [21] and with the results of a GNSS survey.
In the second case study, we concentrated on a single building in order to ascertain the increase in accuracy due to using an integrated nadir/oblique survey with respect to a purely nadir one. In this case, the results were compared with those obtained from a Terrestrial Laser Scanner (TLS) survey.
The images from the flights were processed with two different software packages: Photoscan by Agisoft (St. Peterburg, Russia) [22] and Pix4D (Lausanne, Switzerland) [23] .
Methodology
The purpose of this research is to study the potentialities and accuracy of 3D models obtained from imagery acquired by UAV systems in order to obtain measurements of buildings (height, area, and volume) for urban planning purposes. Additionally, the aim is to evaluate the improvement of the 3D model of buildings and their quantitative and qualitative knowledge by integrating the only nadir flight with an oblique flight, i.e., executed with the axis positioned with a tilt of about 45 • from the nadir position.
In order to achieve these goals, we performed two UAV flights, one nadir (Case Study 1) that was covering an area of about 3.5 ha containing 30 buildings, and another (Case Study 2) integrated nadir and oblique flight on a single building. The FlyNovex UAV system by FlyTop S.p.A. (Figure 1 ), a hexacopter weighing 6 kg with a 5 km range and 20 min autonomy, was used for both case studies. The system contains an IMU (inertial measurement unit), a GPS receiver, and a camera mounted on the gimbal. The UAV has a wireless connection with a computer working as the ground control station. The camera is a Sony Alfa 6000 with a resolution of 6000 × 4000 pixel, a focal length of 16 mm, sensor size of 23.5 mm × 15.6 mm, and a pixel size of 3.92 µm. The camera's calibration parameters are reported in Table 1 .
n the second case study, we concentrated on a single building in order to ascertain the increa acy due to using an integrated nadir/oblique survey with respect to a purely nadir one. In the results were compared with those obtained from a Terrestrial Laser Scanner (TLS) survey he images from the flights were processed with two different software packages: Photosca ft (St. Peterburg, Russia) [22] and Pix4D (Lausanne, Switzerland) [23] . thodology he purpose of this research is to study the potentialities and accuracy of 3D models obta imagery acquired by UAV systems in order to obtain measurements of buildings (height, olume) for urban planning purposes. Additionally, the aim is to evaluate the improveme model of buildings and their quantitative and qualitative knowledge by integrating the flight with an oblique flight, i.e., executed with the axis positioned with a tilt of about 45° dir position. n order to achieve these goals, we performed two UAV flights, one nadir (Case Study 1) overing an area of about 3.5 ha containing 30 buildings, and another (Case Study 2) integr and oblique flight on a single building. The FlyNovex UAV system by FlyTop S.p.A. (Fi hexacopter weighing 6 kg with a 5 km range and 20 min autonomy, was used for both s. The system contains an IMU (inertial measurement unit), a GPS receiver, and a cam ted on the gimbal. The UAV has a wireless connection with a computer working as the gro ol station. The camera is a Sony Alfa 6000 with a resolution of 6000 × 4000 pixel, a focal leng , a sensor size of 23.5 mm × 15.6 mm, and a pixel size of 3.92 µm. The camera's calibr eters are reported in Table 1 . The images were georeferenced using the ground control points (GCPs) signalized with wooden circular targets with a diameter of 24 cm (Figure 2) . The shape and size of the targets on images acquired from a height of about 100 m. The points were surveyed using a GNSS receiver in RTK mode with the ITALPOS Permanent Stations Network [24] determining their coordinates in the ETRF2000 datum [25] . The r.m.s. of the GNSS point is about 0.05-0.10 m [26] . The images were georeferenced using the ground control points (GCPs) signalized with wooden circular targets with a diameter of 24 cm (Figure 2) . The shape and size of the targets on images acquired from a height of about 100 m. The points were surveyed using a GNSS receiver in RTK mode with the ITALPOS Permanent Stations Network [24] determining their coordinates in the ETRF2000 datum [25] . The r.m.s. of the GNSS point is about 0.05-0.10 m [26] . The images were processed using Photoscan and Pix4D. Both packages implement the Structure from Motion (SfM) algorithm. The SfM is a low-cost photogrammetric method for high-resolution topographic reconstructions. The SfM operates under the same basic tenets of the stereoscopic photogrammetry, namely that the 3D structure can be resolved from a series of overlapping images. However, they fundamentally differ because in SfM, the geometry of the scene, camera positions, and orientation is solved automatically without points known. The points are solved simultaneously using a highly redundant, iterative bundle adjustment procedure, based on a database of features automatically extracted from a set of multiple images with a high degree of overlap. The approach is most suited to sets of images with a high degree of overlap that capture the full three-dimensional structure of the scene viewed from a wide array of positions, or as the name suggests, images derived from a moving sensor [27, 28] .
The Photoscan and Pix4D workflows consist in the following main steps: data import, image alignment, generation of the sparse cloud, optimization of image alignment, and dense image matching.
For image processing, Photoscan and Pix4D software proposes to the user, for each processing phase, various parameters determining the accuracy and processing time of the final product. The The images were processed using Photoscan and Pix4D. Both packages implement the Structure from Motion (SfM) algorithm. The SfM is a low-cost photogrammetric method for high-resolution topographic reconstructions. The SfM operates under the same basic tenets of the stereoscopic photogrammetry, namely that the 3D structure can be resolved from a series of overlapping images. However, they fundamentally differ because in SfM, the geometry of the scene, camera positions, and orientation is solved automatically without points known. The points are solved simultaneously using a highly redundant, iterative bundle adjustment procedure, based on a database of features automatically extracted from a set of multiple images with a high degree of overlap. The approach is most suited to sets of images with a high degree of overlap that capture the full three-dimensional structure of the scene viewed from a wide array of positions, or as the name suggests, images derived from a moving sensor [27, 28] .
For image processing, Photoscan and Pix4D software proposes to the user, for each processing phase, various parameters determining the accuracy and processing time of the final product. The following is a brief description of the parameters used exclusively for the generation of sparse and dense clouds, while the parameters used for mesh and orthophoto generation will be omitted because, although being calculated, they have not been analyzed in this research. In order to generate the sparse point cloud, Photoscan requires an accuracy parameter that can be set to highest, high, medium, low, or lowest. With the high accuracy setting the software works with the photos at their original size, the medium setting causes image downscaling by factor of 4, at low accuracy source files are downscaled by factor of 16, and the lowest value means further downscaling by 4 times more. The highest accuracy setting upscales the image by factor of 4. In order to generate the dense cloud, the quality and depth filter parameters must be chosen. Quality specifies the desired reconstruction quality. Higher quality settings can be used to obtain more detailed and accurate geometry, but they require longer processing times. Interpretation of the quality parameters here is similar to that of accuracy settings given in spare cloud generation. The depth filter may be set to mild, aggressive, or moderate, depending on the type the object and the details that must be visible in the 3D model [29] .
Regarding Pix4D, the parameters involved are: for the initial processing, the keypoint image scale, corresponding to accuracy in Photoscan; for the dense cloud, the image scale (again corresponding to accuracy) and the point density, which may be set to optimal, high, and low, define the density of the densified point cloud. Finally, the minimum number of matches represents the minimum number of valid re-projections of this 3D point to the images, and may be set to 3, 2, 4, 5, and 6 [30] .
The accuracy of the 3D model, the number of cloud points, and the processing time of the images vary in function of these parameters. For each case study, finding the right compromise to obtain point clouds with accuracies that were compatible with the search objectives, and a processing time that is not excessively long, has been attempted. Within the two case studies, the parameters used will be reported.
In Case Study 1, the area and volume measurements from point clouds are compared with those extracted from the Geo-Topographic Database (DBGT) 2k, completed in 2008. This was the only cartographic source we could use for comparing areas and volumes since, for privacy reasons, we could not perform direct measurements on the buildings with a total station or TLS. For each single measurement A (area or volume) obtained from the DBGT 2k, we determined the root mean square (r.m.s.) through the law of propagation of the variance, knowing the r.m.s. of quantities, of which the indirect measurement is a function (Equation (1)). These quantities are considered to not be correlated, thus the law of propagation is reduced to:
In Equation (1), the quantities x, y, and z represent the lengths and height forming the area and the volume of the building. The values of their r.m.s are assumed to be equal to the tolerances specified in the technical specification of the DBGT [31] , that is: The areas and volumes obtained from the 3D models were compared with the corresponding measure on the DBGT, verifying that the difference between this was smaller than the r.m.s. of the DGBT measure, as calculated with Equation (1).
The comparison of the distances was accomplished by comparing the distances measured on the 3D model with those surveyed on site with GNSS RTK. The GNSS survey was referenced in ETRF2000 datum using the ITALPOS Permanent Stations Network. The r.m.s. of the distance is about 0.07-0.10 m [26] .
For Case Study 2, the 3D model of the single building obtained from the combined nadir/oblique flight was validated by comparison with the data obtained from a survey using a TLS. The instrument used was a Faro Focus 3D [32] . This is a compact scanner characterized by an operative range that varies between 0.6 m and 120 m, with a linear distance error of ±2 mm for scanner-object distances comprised between 10 m and 25 m. It has a vertical visual field of 305 • and a horizontal one of 360 • . The vertical and horizontal resolution is 0.009 • .
The processing of the scans was done using the JRC Reconstructor Software v. 3.1.0 (335) [33] by Gexcel Ltd. (Spin Off of the University of Brescia, Bergamo, Italy). Reconstructor is a software that enables all the processing operations of the point cloud before the 3D model of the structure or building scanned is obtained.
The comparison was done both comparing the measurements of distances, areas, and volumes taken on the point clouds obtained from UAV and TLS surveys, and comparing the point clouds themselves using the CloudCompare software (Open Source Software) [34] . Specifically, the comparison was done by calculating the minimal distance between every point of the models using the nearest neighbor algorithm. Furthermore, the software allows the calculation of statistical values, such as the minimal distance, maximal distance, average distance, and standard deviation. Figure 3 shows the workflow followed in the two case studies both for the processing of the images and the generation of the point clouds, and for the comparison between the resulting point clouds and the data from the DBGT (Case Study 1), and the point clouds from the TLS survey (Case Study 2). comparison was done by calculating the minimal distance between every point of the models using the nearest neighbor algorithm. Furthermore, the software allows the calculation of statistical values, such as the minimal distance, maximal distance, average distance, and standard deviation. Figure 3 shows the workflow followed in the two case studies both for the processing of the images and the generation of the point clouds, and for the comparison between the resulting point clouds and the data from the DBGT (Case Study 1), and the point clouds from the TLS survey (Case Study 2). 
Case Studies
The following paragraphs present two case studies. In particular, important data such as the flight plan, the results of the image processing, the measurements taken, and their comparison have been in this part illustrated. 
Case Study 1-Nadir Survey Flight

Case Studies
The following paragraphs present two case studies. In particular, important data such as the flight plan, the results of the image processing, the measurements taken, and their comparison have been in this part illustrated.
Case Study 1-Nadir Survey Flight
For the first case study, we chose an area within a sparsely built territory, but outside any urban center and without significant infrastructures. The extent of the area is about 3.5 ha and it contains 30 buildings ( Figure 4 ). Table 2 shows the parameters chosen for the flight plan.
The UAV system used is the FlyNovex hexacopter by FlyTop S.p.A., already described in the previous paragraph. Figure 5 shows the flight path of the UAV. he UAV system used is the FlyNovex hexacopter by FlyTop S.p.A., already described in ous paragraph. Figure 5 shows the flight path of the UAV. In order to georeference the point clouds, we used five GCPs positioned on the roads of the surveyed areas. This choice was dictated by the impossibility of placing GCPs at different heights, such as on the roofs of buildings, as suggested by scientific literature, for reasons of privacy, since the buildings are privately owned. The good distribution of GCPs is of high importance not only for the image orientation, but also for the prevention of block deformation effects that may result from the remaining systematic errors in the camera calibration [35, 36] . The coordinates of the points were determined using a GNSS RTK survey in the ETRF2000 datum.
The flight was performed 13 November 2016 at 14:00. The time from take-off to landing was about 8 min and 30 s. In order to georeference the point clouds, we used five GCPs positioned on the roads of the surveyed areas. This choice was dictated by the impossibility of placing GCPs at different heights, such as on the roofs of buildings, as suggested by scientific literature, for reasons of privacy, since the buildings are privately owned. The good distribution of GCPs is of high importance not only for the image orientation, but also for the prevention of block deformation effects that may result from the remaining systematic errors in the camera calibration [35, 36] . The coordinates of the points were determined using a GNSS RTK survey in the ETRF2000 datum.
The flight was performed 13 November 2016 at 14:00. The time from take-off to landing was about 8 min and 30 s.
Image Processing Agisoft Photoscan Processing
The 3D model was georeferenced in the ETRF2000 datum using four of the five GCPs; the fifth was used as a check point. The errors of the georeferencing process are reported in Table 3 . Looking at Table 3 , we can point out that the error values on the GCPs are all below 2 cm and this is compatible with the accuracy of the instrument used. The coordinate difference on the check point is 0.014 m in E, 0.097 m in N, and −0.021 m in H. We must point out that a single check point is not enough to determine the quality of a 3D model and that scientific literature suggests using many more. For this reason, in our work, the accuracy of the 3D models was assessed by comparing them with the data obtained from surveys having a greater accuracy (e.g., GNSS or TLS surveys) or from the DGBT.
The dense point cloud (22,112,405 points) was calculated setting the quality parameter to "medium" and the depth filtering to "moderate". The choice of these parameters, medium quality in particular, was dictated by the results achieved on the check point and by the need for a compromise between a reasonable processing time and an accuracy level compatible with the 1:2000 scale of the survey [35] .
The processing of the images continued with the generation of 3D meshed, raster DSMs, and orthophotos, although these products were not used in our research.
The mesh ( Figure 6 ) was built with the "Arbitrary" algorithm, generating a solid 3D model with 4,422,480 faces. Finally, we produced the raster DSM, with a resolution of 6424 × 6292 pixels and a GSD (ground simple distance) of 8.34 cm (Figure 7) , and the orthophoto (Figure 8) , with a resolution of 18,004 × 21,064 pixels and a GSD of 2.09 cm.
Looking at Table 3 , we can point out that the error values on the GCPs are all below 2 cm and this is compatible with the accuracy of the instrument used. The coordinate difference on the check point is 0.014 m in E, 0.097 m in N, and −0.021 m in H. We must point out that a single check point is not enough to determine the quality of a 3D model and that scientific literature suggests using many more. For this reason, in our work, the accuracy of the 3D models was assessed by comparing them with the data obtained from surveys having a greater accuracy (e.g., GNSS or TLS surveys) or from the DGBT.
The mesh ( Figure 6 ) was built with the "Arbitrary" algorithm, generating a solid 3D model with 4,422,480 faces. Finally, we produced the raster DSM, with a resolution of 6424 × 6292 pixels and a GSD (ground simple distance) of 8.34 cm (Figure 7) , and the orthophoto (Figure 8) , with a resolution of 18,004 × 21,064 pixels and a GSD of 2.09 cm. 
Pix4D Processing
The Pix4D software package was also used to obtain a 3D model and the corresponding orthophotos. Additionally, in this case, the model was georeferenced in ETRF2000 using four of the GCPs and leaving one fifth as a check point. The georeferencing errors are shown in Table 4 . 
The Pix4D software package was also used to obtain a 3D model and the corresponding orthophotos. Additionally, in this case, the model was georeferenced in ETRF2000 using four of the GCPs and leaving one fifth as a check point. The georeferencing errors are shown in Table 4 . In Table 4 , we can note that the GCP errors are, again, below 2 cm and this is compatible with the accuracy of the instrument used. The coordinate differences on the check point, on the other hand, are 0.011 m in E, −0.014 m in N, and −0.037 m in H.
Firstly, the images were orientated calibrating the camera parameters and producing a sparse point cloud, using the following parameters: Initial Processing.
Key point image scale: Full. Then, the dense point cloud was generated setting the following parameters:
• These parameters produced a mesh of 1,000,000 triangles ( Figure 9 ). The raster DSM (Figure 10 ) and the orthophoto ( Figure 11 ) were generated with a GSD value of 2.15 cm.
• These parameters produced a mesh of 1,000,000 triangles ( Figure 9 ). The raster DSM (Figure 10 ) and the orthophoto ( Figure 11 ) were generated with a GSD value of 2.15 cm. 
Results of Case Study 1
Measurements of distances, areas, and volumes were performed on 3D models obtained from Photoscan and Pix4D. In detail, the measurements taken were:
• Ten distances obtained between the GCPs ( Figure 12) ; point coordinates were determined by GNSS RTK survey; in Table 5 , DGCP is the surveyed distance, DPS is the distance measured on the Photoscan model, and DP4D is the distance measured on the Pix4D model.
•
Thirty areas of the 30 buildings ( Figure 13 ) inside the surveyed area; in Table 6 , ADBGT is the area extracted from the DBGT, APS is the area measured in Photoscan, and AP4D is the area measured in Pix4D. 
Results of Case Study 1
•
Thirty areas of the 30 buildings ( Figure 13 ) inside the surveyed area; in Table 6 , ADBGT is the area extracted from the DBGT, APS is the area measured in Photoscan, and AP4D is the area measured in Pix4D.
• Thirty volumes of the 30 buildings inside the surveyed area ( Figure 13 ); in Table 7 , VDBGT is reported the volume extracted from the DBGT, VPS is the volume measured in Photoscan, and VP4D the one measured in Pix4D. • Thirty volumes of the 30 buildings inside the surveyed area ( Figure 13) ; in Table 7 , VDBGT is reported the volume extracted from the DBGT, VPS is the volume measured in Photoscan, and VP4D the one measured in Pix4D.
In detail, Table 5 reports the results of the comparison between the measured distances. The analysis in this table shows that some of the measured distances fall outside of the tolerance on the GCP distances (about 7-10 cm), but they are well within the tolerances for large-scale cartography. Even when comparing the distances obtained from Photoscan and those from Pix4D, the values of the differences are satisfactory, with an r.m.s. of 5 cm and a mean of 2 cm. In detail, Table 5 reports the results of the comparison between the measured distances. The analysis in this table shows that some of the measured distances fall outside of the tolerance on the GCP distances (about 7-10 cm), but they are well within the tolerances for large-scale cartography. Even when comparing the distances obtained from Photoscan and those from Pix4D, the values of the differences are satisfactory, with an r.m.s. of 5 cm and a mean of 2 cm. The areas were also measured on the 3D models generated by the two software packages. Table  6 lists the measurements and their comparisons with the areas obtained from the DGBT 2k. The third column of Table 6 reports the r.m.s. of each area measured on the DBGT 2k, calculated according to Equation (1) . The variation in the r.m.s. depends on the dimensions of the area; a higher surface area corresponds to a higher r.m.s. Table 6 shows that the 13% (in bold type in the Table 6 ) of the areas measured using Photoscan, are out of tolerance (column 3), while for Pix4D, the areas that are out of tolerance are 23%. The mean differences are 2.41 m 2 and 0.98 m 2 , respectively, for the DBGT-Photoscan and DBGT-Pix4D comparisons; the r.m.s. are, respectively, 4.62 m 2 and 6.05 m 2 . Figure 14 shows the histograms of the distributions of the area differences between the software and the DBGT 2k, evidencing that the majority of the differences fall into a relatively narrow interval of ±4 m 2 . It is also important to note the variability of the differences between the areas measured with the two software packages (r.m.s 3.29 m 2 ). This is surely due to operator errors in manually selecting the vertices of the areas, in addition to the different parameters used in the processing causing different accuracies in the point clouds.
These results seem to show that a survey with these parameters is not sufficiently accurate for measuring areas for the purpose of urban planning, which often needs an even higher accuracy than a 1:2000 geodatabase. In order to confirm these results, we checked whether the buildings that are out of tolerance were modified or expanded between 2008 (when the DBGT survey was done) and 2016 (time of our survey). This was done by comparing the orthophotos taken in 2008 with those taken in 2016. As shown in the Figure 15a ,b, the result was that only the building marked with number 20 and circled in red was expanded. The areas were also measured on the 3D models generated by the two software packages. Table 6 lists the measurements and their comparisons with the areas obtained from the DGBT 2k. The third column of Table 6 reports the r.m.s. of each area measured on the DBGT 2k, calculated according to Equation (1) . The variation in the r.m.s. depends on the dimensions of the area; a higher surface area corresponds to a higher r.m.s. Table 6 shows that the 13% (in bold type in the Table 6 ) of the areas measured using Photoscan, are out of tolerance (column 3), while for Pix4D, the areas that are out of tolerance are 23%. The mean differences are 2.41 m 2 and 0.98 m 2 , respectively, for the DBGT-Photoscan and DBGT-Pix4D comparisons; the r.m.s. are, respectively, 4.62 m 2 and 6.05 m 2 . Figure 14 shows the histograms of the distributions of the area differences between the software and the DBGT 2k, evidencing that the majority of the differences fall into a relatively narrow interval of ±4 m 2 . It is also important to note the variability of the differences between the areas measured with the two software packages (r.m.s 3.29 m 2 ). This is surely due to operator errors in manually selecting the vertices of the areas, in addition to the different parameters used in the processing causing different accuracies in the point clouds.
These results seem to show that a survey with these parameters is not sufficiently accurate for measuring areas for the purpose of urban planning, which often needs an even higher accuracy than a 1:2000 geodatabase. In order to confirm these results, we checked whether the buildings that are out of tolerance were modified or expanded between 2008 (when the DBGT survey was done) and 2016 (time of our survey). This was done by comparing the orthophotos taken in 2008 with those taken in 2016. As shown in the Figure 15a ,b, the result was that only the building marked with number 20 and circled in red was expanded. Looking at the volumes, they were measured both in Photoscan and Pix4D by taking the height from the ground to the eave level, as specified by Italian law for the calculation of the volume of a building. Table 7 and Figure 16 report the results of this measurements. Looking at the volumes, they were measured both in Photoscan and Pix4D by taking the height from the ground to the eave level, as specified by Italian law for the calculation of the volume of a building. Table 7 and Figure 16 report the results of this measurements. Indeed, the results concerning the measurements of volumes are more encouraging than the ones on the areas. Only one building results in being outside of the tolerance value and it is the number 20 building, which was renovated and expanded after the geodatabase was last updated. All other volumes are within the tolerance for the DBGT 2k.
From Table 7 , it can be seen see that the mean differences are 13.29 m 3 and 12.70 m 3 , respectively, for the VPS-VDBGT and VPix4D-VDBGT comparisons, while the r.m.s. are, respectively, 74.13 m 3 and 68.55 m 3 . From the histograms in Figure 16 , we can notice that the higher occurrence of differences is in the ±20 m 3 range. Additionally, in this case, the difference between the volumes measured by the two software packages (r.m.s 10.45 m 3 and mean 0.59 m 3 ) is remarkable. Again, these differences are surely due to operator errors in manually selecting the vertices of the areas, in addition to the different parameters used in the processing causing different accuracies in the point clouds.
Case Study 2-Oblique Survey
On the basis of the results of the first case study, we decided to investigate more thoroughly the potential accuracy of UAV system for 3D city modeling in terms of metric measurements on the buildings. This in-depth analysis was necessary to compare the measurements taken in the first case study. In this case, we used the DBGT 2k which, although accuracy-checked by the local administration that commissioned it, cannot actually be assumed to have the accuracy declared in the metadata.
Thus, for solving this problem, we planned and executed another flight, this time over a single building, and we validated the results with a terrestrial laser scanner survey done directly by us. The chosen building was an abandoned construction with a regular shape, about 12 m tall, located in a different area from the one used in the first case study. This second case study was also meant to Indeed, the results concerning the measurements of volumes are more encouraging than the ones on the areas. Only one building results in being outside of the tolerance value and it is the number 20 building, which was renovated and expanded after the geodatabase was last updated. All other volumes are within the tolerance for the DBGT 2k.
Thus, for solving this problem, we planned and executed another flight, this time over a single building, and we validated the results with a terrestrial laser scanner survey done directly by us. The chosen building was an abandoned construction with a regular shape, about 12 m tall, located in a different area from the one used in the first case study. This second case study was also meant to examine the increase of the accuracy of the 3D model obtained by integrating a nadir with an oblique flight, where the images are taken with a non-vertical camera axis. With this purpose, the nadir flight of the building was integrated with an oblique one and the resulting 3D model was validated by comparing it with the one obtained from the TLS survey.
Nowadays, considering the case of oblique images, the question on the modalities through which flight configuration allows covering the entire building or object is still open [19] . In recent years, several configurations have been tested and evaluated [34] : the Maltese Cross, with a nadir camera and four oblique ones (45 • ) pointing in the cardinal directions, and the fan configuration, which increases the swath width along the track to cover more area. In our case, the Figure 17 shows that the oblique flight was performed with a 45 • inclination of the optical axis. The UAV system was the same as that used in the first case study. Table 8 shows the parameters of the flight plan for the nadir and oblique flights. It is important to point out that the nadir flight was realized in fully automatic mode, while the oblique flight was in manual mode. The pilot, in this case, with the help of the remote viewing camera, made the shots attempting to cover the required 80% overlap. From the pre-processing of the images, however, it has been verified that the overlap of 80% was guaranteed. Additionally, in this case the data from the two flights, nadir "N" and integrated nadir/oblique "N+O", were processed using Photoscan and Pix4D with the same parameters of the previous tests. Georeferencing point clouds were made using four GCPs on the terrain and five on the façade (Figure 18b) , surveyed in the ETRF2000 datum with the GNSS RTK technique. The r.m.s of the georeferenced image processing have been attested, even in these cases, to a few centimeters.
The TLS survey was done using a Faro Focus 3D laser scanner, with four exterior scans ( Figure   Figure 17 . Oblique flight.
Additionally, in this case the data from the two flights, nadir "N" and integrated nadir/oblique "N + O", were processed using Photoscan and Pix4D with the same parameters of the previous tests. Georeferencing point clouds were made using four GCPs on the terrain and five on the façade (Figure 18b) , surveyed in the ETRF2000 datum with the GNSS RTK technique. The r.m.s of the georeferenced image processing have been attested, even in these cases, to a few centimeters.
The TLS survey was done using a Faro Focus 3D laser scanner, with four exterior scans (Figure 18a ) with a resolution of one point per 7.67 mm at 10 m [37, 38] . Additionally, in this case the data from the two flights, nadir "N" and integrated nadir/oblique "N+O", were processed using Photoscan and Pix4D with the same parameters of the previous tests. Georeferencing point clouds were made using four GCPs on the terrain and five on the façade (Figure 18b) , surveyed in the ETRF2000 datum with the GNSS RTK technique. The r.m.s of the georeferenced image processing have been attested, even in these cases, to a few centimeters.
The TLS survey was done using a Faro Focus 3D laser scanner, with four exterior scans ( Figure  18a ) with a resolution of one point per 7.67 mm at 10 m [37, 38] . The scan data was processed with the JRC Reconstructor software package by Gexcel Ltd. Reconstructor is a software that enables the carrying out of all the processing operations of the point The scan data was processed with the JRC Reconstructor software package by Gexcel Ltd. Reconstructor is a software that enables the carrying out of all the processing operations of the point cloud until the 3D model of the structure or building scanned is obtained. The final 3D model is composed by 5,203,483 points and the r.m.s. of the registration is 2 mm. The cloud of TLS points was georeferenced on the same GCPs used for point clouds obtained by UAV flights, with an r.m.s. of 3.5 cm. Table 9 reports the number of points recorded in the different point clouds representing only the building. It is important to note that, in this case, the different number of points between the results of the processing in Photoscan and Pix4D is consistent with the parameters used in processing the dense point clouds. In Photoscan, the Quality parameter was set to "medium", causing a downscaling of the image by a factor of 4, whereas in Pix4D, the Image Scale parameter was set to 1 2 , reducing the image size to half. Table 10 reports the comparisons between each quantity measured in the Photoscan 3D model and the TLS one. Table 11 reports the comparisons between each quantity measured on the Pix4D model and the TLS-generated one. From these tables, it can be seen that, for this building, the nadir flight processed with Pix4D produced rather good results: all the differences are within the tolerances for the DBGT, even if they are not within the TLS tolerances. In other words, the measurements on the point cloud obtained from nadir images in Photoscan are barely within the DBGT 2K tolerances.
Analyzing the results obtained from the point clouds of the N + O flight, it is apparent that the integration of the oblique flight has brought a clear improvement to the accuracy of the measurements.
This increase is more apparent in the dataset processed with Pix4D than in the one processed with Photoscan, where the differences with the TLS point cloud are on the order of centimeters for the distances, tens of cm 2 for the areas, and tens of cm 3 for the volumes. This is surely due to the higher number of points obtained from the Pix4D processing in both configurations, and especially in the N + O one [39] .
The second validation comported a direct comparison between the point clouds from the different flights and software packages and the single cloud obtained from the TLS survey, through the calculation of the minimal distance between every point. For practical reasons, this comparison did not interest the whole building, but only the northern façade (Figure 20) , which did not contain any eaves or obstructions, thus ensuring that the statistical results depend only on the processing and not on the geometry or contour conditions of the examined element [40] . Table 12 reports the number of points of the portion of the point cloud representing the north façade for each configuration. The calculation of the minimal distance between every point of the point clouds obtained from the different flights and software packages and the single cloud obtained from the TLS survey was performed using CloudCompare software, which compares point clouds representing the same object, but acquired at different times and/or with different instruments. CloudCompare also calculates the following statistics: minimal distance, maximal distance, average distance, and standard deviation. Table 13 reports the results of the comparisons between the point clouds obtained in both configurations and with both software packages. Figures 25-28 show the discrepancy maps between the TLS point clouds and the ones obtained from the UAV surveys. Table 13 . Statistical values of the comparisons between the TLS data and the point clouds. The comparison between the tables results and between the distance maps, obtained by comparing the point clouds highlights that the integration of the nadir and the oblique flight, increases the number of recorded points considerably, describing the façade in much greater detail. Surely this is an important result for the 3D reconstruction of buildings and on the study of the degradation or deformation of façades. Still, it must be highlighted that the use of oblique imagery increases the flight and processing times.
Software
Regarding the comparison of the distances between the point clouds obtained by processing the UAV imagery and the one obtained from a TLS survey, in this case, the marked improvement in the point clouds obtained from the combined nadir/oblique survey with respect to the nadir-only one is apparent. The average distance between the clouds processed with Photoscan and the one obtained from TLS is of 5 cm for the N dataset and 0.8 cm for the N + O one. The same improvement can be seen in the clouds processed with Pix4D, where the average distance changes from about 4 cm for the N dataset to 0.5 cm using the N + O dataset.
It is also necessary to make a remark about the maximum distances between the clouds from The comparison between the tables results and between the distance maps, obtained by comparing the point clouds highlights that the integration of the nadir and the oblique flight, increases the number of recorded points considerably, describing the façade in much greater detail. Surely this is an important result for the 3D reconstruction of buildings and on the study of the degradation or deformation of façades. Still, it must be highlighted that the use of oblique imagery increases the flight and processing times.
It is also necessary to make a remark about the maximum distances between the clouds from the UAV surveys and the one from TLS-all the highest values are located near a window placed in the high part of the building. Examining the point clouds in that area, some point fall inside the window and have no direct correspondence with the points of different clouds. If we remove these uncertain parts, the statistics of the point clouds obtained from the N + O survey are definitely better.
Conclusions
The main aim of the presented research was to study the accuracy of some measurements of buildings, such as widths, heights, areas, and volumes, taken of 3D models obtained from processing images acquired from the UAV system. Two case studies were presented: the first one consists of performing a nadir UAV flight on a large built-up area. The second one consists of a UAV flight, both nadir and oblique, on a single building. The first case study did not allow us to fully evaluate the results of the UAV nadir flight, since the only available data for their validation was a 1:2000 scale DBGT with high tolerances (0.80 m tolerance on planimetric coordinates) and with no certainty about the origin of the data (as it is not directly produced by the research group). This first case study, however, allowed us to study and verify the good behavior of the two software packages used for image processing: Photoscan by Agisoft and Pix4D. The results of the two software tools, in fact, are compatible in terms of accuracy, precision, and processing time, as also demonstrated in other research [19, 33] .
By contrast, the second study case, has allowed us to investigate in more detail the results achieved on the 3D models obtained from nadir and oblique UAV flights. In this case, in fact, the results were compared to those obtained from the 3D model of the building obtained with the TLS survey. From these comparisons, it has been possible to draw several interesting considerations. The results obtained from the 3D model from the oblique flight, for both software packages, were consistent with those obtained with the TLS survey. The increase in accuracy between the nadir images and the oblique images was 90% for Pix4D and an average of 50% for Photoscan. This increase in difference can be explained by the fact that the number of points in the point clouds built from the Photoscan is lower than that of Pix4D (see Table 9 ), which did not happen in the first case study of the vast urban area. Considering the results obtained on the analysis of the single north façade, this problem does not appear. In fact, the number of points on the north wall processed with the two-different software (see Table 12 ) is quite similar. The r.m.s. of the distances between the walls from the UAV are on the order of 6 cm for the flight processed with Photoscan and 7 cm for the nadir flight processed with Pix4D. As for the oblique flight, the distances are on the order of 3 cm for the oblique flight processed with Photoscan and 2 cm for the one processed with Pix4D. From these results, which prove the increase in accuracy in the reconstruction of the northern façade, we can surely say that the use of oblique images is a great tool for 3D surveying of buildings, especially if they are characterized by limited accessibility and require a fast and low-cost acquisition. Particular attention must be given to the flight planning in order to have images with a good overlay and a similar GSD.
The research will continue, using the oblique flight mode on extended built-up areas, in order to evaluate the potential of the technique and the accuracy of the resulting 3D models of the buildings for the building wide areas. Part of the research will be devoted to the study of the parameters to be used in the different steps of the processing of the point clouds, in order to obtain a more complete picture of the achievable accuracy and processing times.
